Dendritic spines are are small membranous protrusions that extend from neuronal dendrites and harbor the majority of excitatory synapses. Increasing evidence has shown that matrix metalloproteinases (MMPs), a family of extracellularly acting and Zn 2+ -dependent endopeptidases, are able to rapidly modulate dendritic spine morphology. Spine head protrusions (SHPs) are filopodia-like processes that extend from the dendritic spine head, representing a form of postsynaptic structural remodeling in response to altered neuronal activity. Herein, we show that chemically induced long-term potentiation (cLTP) in dissociated hippocampal cultures upregulates MMP-9 activity that controls the formation of SHPs. Blocking of MMPs activity or microtubule dynamics abolishes the emergence of SHPs. In addition, autoactive recombinant MMP-9, promotes the formation of SHPs in organotypic hippocampal slices. Furthermore, spines with SHPs gained postsynaptic a-amino-3-hydroxyl-5-methyl-4-isoxazole propionic acid (AMPA) receptors upon cLTP and the synaptic delivery of AMPA receptors was controlled by MMPs. The present results strongly imply that MMP-9 is functionally involved in the formation of SHPs and the control of postsynaptic receptor distribution upon cLTP.
Introduction
Dendritic spines are small membranous protrusions that extend from neuronal dendrites. The majority of excitatory synapses in the mammalian brain are accommodated at the dendritic spines, representing the postsynaptic compartments of neuronal synapses. Dendritic spines usually consist of a spine head that is connected to the neuron by a thin spine neck. The spines exhibit considerable structural diversity and have been divided into distinct morphologic categories [1] . Their shapes include thin, filopodia-like protrusions (thin spines), short spines without a well-defined neck (stubby spines), and spines with a large bulbous head (mushroom spines). The morphology of dendritic spines is known to reflect their function. Dendritic spines are remarkably dynamic structures. Alterations in spine morphology and turnover are thought to play a major role in neuronal plasticity, including learning processes [2, 3] .
Recently, spine head protrusions (SHPs) have attracted attention as a novel aspect of altered spine morphology that might contribute to functional neuronal network changes. Spine head protrusions have been shown to be filopodia-like processes from the spine head of mature pyramidal neurons [4] . The formation of SHPs was found to be triggered by altered neuronal activity and required a-amino-3-hydroxyl-5-methyl-4-isoxazole propionic acid (AMPA) receptor activation. Richards et al. (2005) demonstrated that SHPs were driven by iontophoretically applied glutamate, suggesting that SHP formation leads to activity-dependent changes in synaptic connectivity. Recently, Verbich et al. (2012) showed that, perisynaptic astrocyte remodeling and glutamate uptake are involved in SHP formation in hippocampal slices after incubation with tetrodotoxin (TTX) and glutamate iontophoresis. However, the molecular mechanisms that regulate the formation of SHPs remain elusive. The involvement of three components of tetrapartite synapses (i.e., pre-and postsynaptic neurons with astrocytic processes) may indicate that extracellular matrix (ECM) molecules are potential regulators of SHP development. Extracellular matrix molecules are regarded as the fourth component of the tetrapartite synapse as were shown to interact with synaptic components, including pre-and postsynaptic parts and glia, and they are able to modulate the activity of synaptic receptors and ion channels [5, 6] .
Matrix metalloproteinases (MMPs) are a family of Zn 2+ -dependent endopeptidases that regulate ECM molecule turnover and the maintenance of tissue homeostasis in the developing and adult brain [7, 8] . Additionally, MMPs can liberate many peptides by the partial proteolysis of ECM macromolecules, thus regulating various cell activities [9, 10, 11] . Matrix metalloproteinases have attracted attention primarily in the context of central nervous system (CNS) disease and injury, but their importance in physiological processes in the CNS has also been appreciated [12, 13] . Several recent studies demonstrated the essential role of MMPs in learning and memory formation. MMP-9 (gelatinase B)-deficient mice displayed memory deficits [14] . Additionally, the use of an MMP-9 inhibitor prevented the maintenance of longterm potentiation (LTP), a cellular model of learning and memory [15, 16] , whereas MMP-9 KO mice displayed late-LTP deficits and recombinant active MMP-9 restored LTP [14] . The function of MMP-9 in neuronal plasticity may be a consequence of the postsynaptic translation of MMP-9 mRNA and activity-dependent protein secretion [17, 18, 19] . However, the mechanisms by which MMPs contribute to changes in synaptic plasticity are not fully understood.
Recently, MMPs have emerged as novel regulators of dendritic spine morphology. Matrix metalloproteinases were found to be able to rapidly modulate synaptic structure and function through the shedding of synaptic adhesion molecules and cell surface receptors [20, 21, 22] . Although the effects of MMPs on spine morphology are influenced by the MMP concentration, treatment duration, and developmental stage of the neurons, these enzymes have the potential to alter spine structure [23, 24, 25] , to potentiate glutamatergic transmission [14, 24] , to increase N-methyl-Daspartate (NMDA) receptor mobility at the synaptic surface [26] , and to facilitate neuronal activity within in vitro networks of hippocampal neurons [27] .
Herein, to investigate the impact of MMPs on the formation of SHPs, we employed a chemically induced long-term potentiation (cLTP) model according to a previously established protocol that is known to enhance neuronal network activity [27, 28] . We demonstrate that cLTP induced by forskolin, rolipram and picrotoxin increases endogenous MMP-9 activity at dendritic spines which regulate the formation of SHPs during cLTP in dissociated hippocampal cultures. Additionally, we show that spines that express SHPs gain AMPA receptors (AMPARs) in an MMP-dependent manner upon cLTP.
Materials and Methods

Ethics Statement
All experimental procedures were carried out in accordance with the Ethical Committee on Animal Research of the Nencki Institute, based on the Polish Act on Animal Welfare and other national laws that are in full agreement with EU directive on animal experimentation.
Dissociated Hippocampal Cultures
Dissociated hippocampal cultures were prepared from postnatal day 0 (P0) Wistar rats as described below. Briefly, the brains were removed, and hippocampi were isolated on ice in dissociation medium (DM; 81.8 mM Na 2 SO 4 , 30 mM K 2 SO 4 , 5.8 mM MgCl 2 , 0.25 mM CaCl 2 , 1 mM HEPES [pH 7.4], 20 mM glucose, 1 mM kynureic acid, and 0.001% Phenol Red). Hippocampi were later incubated twice with papain solution (Worthington, NY, 32H13491, 100 U/10 ml) for 15 min at 37uC and subsequently rinsed three times in DM. Digestion was stopped by incubation with trypsin inhibitor solution (Sigma T9253, 100 mg/ 10 ml). Hippocampi were then rinsed in Modified Eagle Medium (MEM; 10% fetal bovine serum and 1% penicillin-streptomycin). Hippocampi were triturated in MEM until tissue clamps disappeared and the medium became cloudy. Triturated hippocampi were diluted 10 times in OptiMEM (Invitrogen) and centrifuged at 1,0006g for 10 min at room temperature. The resulting cell pellet was suspended in MEM. Cells were counted and plated at a density of 120,000 cells per 18 mm diameter coverslips (Assistant, Germany) coated with 1 mg/ml poly-Dlysine (Sigma) and 2.5 mg/ml laminin (Roche). Three hours later, MEM was replaced with 1 ml of prewarmed complete growth medium (Neurobasal-A without Phenol Red supplemented with 2% B-27, 1% penicillin/streptomycin, 0.5 mM glutamine, 12.5 mM glutamate, and 25 mM b-mercaptoethanol). The cells were kept at 37uC in 5% CO 2 in a humidified incubator for 3 weeks. The cells were fed twice per week by replacing half of the culture medium. The cells were transfected with Effectine (Qiagen) or Lipofectamine 2000 Reagent (Invitrogen) according to the manufacturer's protocol at 7-10 days in vitro (DIV) with a plasmid that carried RFP under a b-actin promoter. The experiments described below were performed on 18-23 DIV.
Primary Cortical Cell Cultures
Cortical neurons were cultured from newborn (P0) Wistar rats. The rats were decapitated, and cortices were dissected on ice in DM (81.8 mM Na 2 SO 4 , 30 mM K 2 SO 4 , 5.8 mM MgCl 2 , 0.25 mM CaCl 2 , 1 HEPES [pH 7.4], 20 mM glucose, 1 mM kynureic acid, and 0.001% Phenol Red). Cortices were digested for 30 min in papain solution (Worthington, NY, 32H13491, 100 U/10 ml) at 37uC. The reaction was stopped by a triple wash in trypsin inhibitor solution (Sigma T9253, 100 mg/10 ml). The cells were seeded on 12-well plates covered with poly-D-lysine (50 mg/ml) at a concentration of 350,000 cells per well in Neurobasal-A medium (Invitrogen) supplemented with 2% B-27 (Invitrogen), 35 mM glucose (Sigma), 1 mM L-glutamine (Invitrogen), and 0.5% penicillin/streptomycin (Invitrogen). The cells were kept at 37uC in 5% CO 2 in a humidified incubator for 14 days. The experiments were performed on 12-14 DIV.
Cell Stimulation and Live Cell Imaging
A bath application of a mixture of forskolin, rolipram, and picrotoxin (all dissolved in DMSO) was applied to chemically induce LTP as described previously [28] . Cultured hippocampal and cortical neurons were incubated with 50 mM forskolin (Sigma), 0.1 mM rolipram (Sigma), and 50 mM picrotoxin (Sigma) in maintenance media for 40 min. To inhibit MMP activity, neuronal cultures were preincubated with 25 mM GM6001 (Millipore), a general MMP inhibitor, for 30 min at 37uC, and cLTP was then induced. As controls, cultures were treated with compound-free solvent (DMSO; Sigma). Live-cell imaging was performed with cultured hippocampal neurons on 18-21 DIV. To visualize neuronal dendrites and dendritic spines, neuronal cultures were transfected with a plasmid that carried RFP under a b-actin promoter on 7-10 DIV. Before imaging, the cells were mounted in an acquisition chamber in which the temperature and CO 2 concentration were controlled. Living dendrites were imaged for 10-15 min before stimulation, and cLTP was then induced by bath application of forskolin, picrotoxin, and rolipram. Dendrite segments decorated with spines were imaged every 5 min for 40 min of cLTP. Special care was taken to check cell viability after the live-imaging sessions. Images were acquired using a Leica TCS SP 5 confocal microscope with a PL Apo 406/1.25 NA oil immersion objective using 488 nm and 561 nm line of diode pumped solid state laser at 10% transmission (102461024 pixel resolution). A series of z-stacks were acquired for the cells at 0.4 mm step and an additional digital zoom that resulted in a sampling density of 0.07 mm per pixel. The sum of the z-stacks was analyzed using ImageJ software (National Institutes of Health, Bethesda, MD, USA), and the SHP density was calculated as the number of SHPs per mm. Three-dimensional reconstructions of confocal stacks were computed using Imaris software (Bitplane).
Gelatinase Assay of Live Neuronal Cultures
To visualize gelatinase activity in live dissociated hippocampal cultures, cells were preincubated with fluorescein conjugate gelatin (40 mg/ml/well, DQ-gelatin, Molecular Probes) for 30 min at 37uC. This fluorescent substrate was quenched until digested by the gelatinases MMP-9 and MMP-2 in neuronal cultures. The increase in fluorescence was proportional to the proteolytic activity of gelatinases, which was visualized using a confocal microscope. Custom-written ColocalizationMagick software was used to quantitatively analyze the colocalization between gelatinase activity and neuronal dendrites. A quantitative colocalization map was generated according to the method introduced by [29] . The colocalization map contains the local information indicating the contributions of the regions of the image into overall colocalization measure.
Live Staining of GluA1-and GluA2-containing AMPARs
To selectively label cell-surface GluA1-and GluA2-containing AMPARs, cells were incubated with antibodies against the extracellular domain of GluA1 (1:100, rabbit, Enzo Life Sciences) and GluR2 (1:200, mouse, Millipore) subunits for 15 min at 37uC in complete culture medium. The cells were later fixed with prewarmed 4% paraformaldehyde (PFA) for 15 min. After washing, the cells were blocked with 1% phosphate-buffered saline (PBS)-bovine serum albumin for 30 min. The samples were then incubated with secondary antibody conjugated to Alexa 488 (1:500, anti-mouse) and Alexa-647 (1:500, anti-rabbit) for 2 h at room temperature. After mounting, the samples were visualized under a confocal microscope (TCS, SP5, Leica) equipped with a 406/1.25 NA oil immersion objective using a 488 nm Ar laser to excite Alexa 488 and 633 nm HeNe laser to excite Alexa 647 at a pixel resolution of 102461024 with a 5.46 optical zoom. The zstacks of optical slices were acquired in 0.4 mm steps. The sum of z-stacks was analyzed using ImageJ software. The intensity of GluA1 and GluA2 immunostaining were determined using custom-written SpineMagick-Colocalization software. The main feature of the software is the detection of the contours of the dendritic spines and the separation of the spines from the dendrite. The software also allowed to calculate the compartmentalized colocalization, by choosing the user-defined approximate region of interest, and subsequently refining the region by segmenting the image inside the region of interest on the bases of fluorescence intensity (see also [30] ).
Blocking Dynamic Microtubules with Nocodazole
To inhibit dynamic MTs, cultured hippocampal neurons (21 DIV) were transfected with a plasmid that carried RFP under a b-actin promoter. The cultures were treated according to a protocol described previously [31] . Briefly, the cells were incubated with a low concentration of nocodazole (200 nM, Sigma) for 4 h at 37uC. At 3.5 hours of treatment, DQ-gelatin was added to the culture medium, and the cells were incubated for an additional 30 min. The cells were then mounted in an acquisition chamber in which the temperature (37uC) and CO 2 concentration (5%) were controlled. cLTP was induced by injecting a mixture of forskolin (50 mM final concentration), rolipram (0.1 mM final concentration), and picrotoxin (50 mM final concentration) into the culture medium. Repetitive imaging of living cells (n = 7) was performed using a confocal microscope. Some hippocampal cultures were treated with 200 nM nocodazole for 4 h, and the medium was then discarded and exchanged to a nocodazole-free medium. The cultures were kept in nocodazole-free culture medium for 3 h at 37uC. cLTP was then induced, and the cells (n = 5) were visualized under a confocal microscope.
Gel Zymography
After 10 and 40 min of cLTP, conditioned media were collected and mixed with 56sodium dodecyl sulfate (SDS) sample buffer without b-mercaptoethanol. The samples were loaded on 8% SDS-polyacrylamide gels copolymerized with 2 mg/ml gelatin. After electrophoresis, the gels were washed twice in 2.5% Triton X-100 in PBS for 15 min and incubated in developing buffer (50 mM Tris-Cl [pH 7.5], 10 mM CaCl 2 , 1 mM ZnCl 2 , 1% Triton X-100 m, and 0.02% NaN 3 ) on a shaking table for 48 h at 37uC. The gels were stained with Coomassie Brilliant Blue and briefly destained. The amount of active MMP-9 was quantified using the Syngene Ingenius gel documentation system (Syngene, Cambridge).
Western Blot
After stimulation, the cells were lysed in lysis buffer that contained 20 mM Tris-Cl (pH 6.8) at 4uC, 137 mM NaCl, 25 mM b-glycerophosphate, 2 mM NaPPi, 2 mM ethylenediaminetetraacetic acid, 1 mM Na 3 VO 4 , 1% Triton X-100, 10% glycerol, 2 mM benzamidine, 1 mM phenylmethylsulfonyl fluoride, 0.5 mM dithiothreitol, and 10 ml/ml protease inhibitor mixture (Sigma). The protein concentration in each sample was measured using the BCA protein assay kit (Pierce). Lysates that contained an equal total amount of protein were mixed with 56SDS sample buffer and denaturated by heating. A total of 20 mg of the protein samples was loaded on 12% SDSpolyacrylamide gels. After electrophoresis, the samples were electrotransferred onto polyvinylidene difluoride membranes (Immobilon-P, Millipore). The membranes were then blocked in 10% nonfat milk in Tris-buffered saline with 0.1% Tween 20. After blocking, the membranes were incubated at 4uC overnight with anti-b-dystroglycan (NCL-b-DG, 1:500, Novocastra) and anti-glyceraldehyde-3-phosphate-dehydrogenase (GAPDH; MAB 374, 1:2000, Chemicon) diluted in 10% nonfat milk in Trisbuffered saline with 0.1% Tween 20. The membranes were then incubated with peroxidase-labeled secondary antibody diluted 1:10000 in 10% nonfat milk in Tris-buffered saline with 0.1% Tween 20 for 1 h at room temperature. After washing, ECL plus reagent (GE Healthcare) was used to detect horseradish peroxidase (HRP) on the immunoblots.
Immunocytochemistry
Hippocampal neurons were fixed with prewarmed 4% PFA for 30 min at room temperature, washed with PBS, and blocked with 10% normal goat serum (NGS) in PBS with 0.1% Triton X-100 for 2 h. After washing, the cells were incubated with anti-Bassoon antibody (rabbit, 1:1000, Synaptic System) and anti-Homer-1 antibody (guinea pig, 1:500, Synaptic Systems). After washing, the samples were incubated with fluorescent (Alexa 488, Alexa 647) secondary anti-rabbit and anti-guinea pig antibodies (1:500, Invitrogen) for 2 h at room temperature. After mounting, the samples were visualized under a confocal microscope (TCS, SP5, Leica) equipped with a 406/1.25 NA oil immersion objective using a 488 nm Ar laser to excite Alexa 488 and 633 nm HeNe laser to excite Alexa 647 at a pixel resolution of 102461024 with a 5.46optical zoom. The z-stacks of optical slices were acquired in 0.2 mm steps. The sum of z-stack was analyzed using ImageJ software.
Statistical Analysis
The data are expressed as mean 6 standard error of the mean (SEM). Datasets were tested using the two-tailed Student's t-test and if the number of groups were larger than two one-way ANOVA was used. Statistical analyses were performed using Origin 8 software (Origin Lab Corporation), and values of p,0.05 (*), p,0.01 (**), and p,0.001 (***) were considered statistically significant.
Results
cLTP Elevates MMP-9 but not MMP-2 Activity
To examine the influence of cLTP induced by forskolin, rolipram, and picrotoxin (F/R/P mixture) on endogenous gelatinase (MMP-2 and -9) activity in cultured cortical neurons, gel zymography was performed. Cortical neurons were exposed to the F/R/P mixture, and then conditioned media were assayed at 10 and 40 min of cLTP. The time points were chosen to reveal the effect of endogenous MMP-9 activity on the spine morphology, according to the observations by Michaluk et al. (2011) . Since the pro and active forms of MMP-9 were not clearly distinguishable on gel zymography and because the available antibodies are poorly specific towards rat MMP-9 and failed to differentiate proand active forms of the enzyme (that should be of 92 kDa and 88 kDa, respectively), we quantified total MMP-9 activity of 85-100 kDa wide band. As shown in These results indicate that exposure to the F/R/P mixture transiently elevated MMP-9 activity in cultured cortical neurons, but with no effect on MMP-2 activity. previously identified b-dystroglycan (b-DG) as an in vivo MMP-9 substrate in response to enhanced neuronal activity and showed that MMP-9 targeted 43-kDa b-DG to release a 30-kDa partial cleavage product. We tested whether the cLTP-induced upregulation of MMP-9 activity was associated with increased b-DG proteolysis. Cortical neurons were exposed to the F/R/P mixture for 10 and 40 min. Cell lysates were then collected, and Western blot analysis was performed. To verify whether ß-DG cleavage is MMP-dependent, cortical neurons were preincubated with the general MMP inhibitor GM6001 prior to cLTP stimulation. As shown in Fig. 1C , F/R/P treatment markedly increased the level of the cleaved form of ß-DG at 10 min, followed by a less evident increase at 40 min, as compared to controls treated with DMSO used as a solvent. Students t-test revealed a statistically significant increase in the amount of cleaved form of ß-DG at 10 min (OD relative = 259.03662.44, p = 0.044, n = 7, Fig. 1D ) with no statistically significant difference at 40 min of cLTP stimulation (OD relative = 156.78628.27, p = 0.575, n = 3). Additionally, blocking the proteolytic activity of MMPs with GM6001 diminished b-DG cleavage in response to cLTP stimulation. Student's t-test revealed no significant difference in b-DG cleavage when the cultures were preincubated with broad spectrum MMP inhibitor neither 10 nor 40 min after the cLTP stimulation (at 10 min: OD relative = 105.53614.45, p = 0.738, n = 3, at 40 min: OD relative = 111.58617.46, p = 0.575, n = 3, Fig. 1D ). Thus, both gel zymography and increased b-DG cleavage provided evidence of the enhanced proteolytic activity of MMP-9 upon cLTP.
cLTP Induces the Formation of Spine Head Protrusions
To investigate the dynamic mechanisms of the activitydependent formation of SHPs upon cLTP, we used dissociated hippocampal cultures to facilitate the visualization and easier manipulation of individual dendritic spines. Dissociated hippocampal cultures were maintained for 21 days in vitro to allow the prominent accumulation of ECM molecules [32] and then were visualized under confocal microscopy.
Live imaging of hippocampal neurons revealed that cLTP stimulation led to SHP formation ( Fig. 2A) . Spine head protrusions extended from the spine head and often exhibited terminal swelling. Spine head protrusions induced by cLTP were found to last for at least 40 min of cLTP stimulation, as followed throughout the live-cell-imaging session. The average length of SHPs observed was 1.3060.079 mm (n = 31). Forty minutes of F/ R/P treatment resulted in SHP formation in 10% of the spine profiles visualized. Importantly, SHPs at synaptic terminals were rarely observed in unstimulated dissociated hippocampal cultures.
Next, the contribution of MMPs to SHP development during cLTP was investigated. To visualize gelatinase activity in live hippocampal cultures, neurons were incubated with a fluorogenic substrate of gelatinases (fluorescein isothiocyanate [FITC]-labeled gelatin) during a live imaging session. Upon gelatinase activity induced by cLTP, the quenched fluorogenic substrates recovered, resulting in a fluorescent signal that was proportional to the amount of active enzymes. To localize gelatinase activity on neuronal dendrites, colocalization was quantitatively analyzed. To investigate the contribution of MMPs to the formation of SHPs, live hippocampal neurons were incubated with GM6001 prior to cLTP stimulation. Images of neuronal dendrites were acquired before and 40 min after cLTP induction. The density of SHPs (number/mm) was quantified in cLTP-induced cells in absence or the presence of GM6001. One-way ANOVA revealed significant differences between groups of mean SHP density (p,0.001). Using Students t-test we found a statistically significant increase in SHP density (0.2860.04 per mm, p = 0.004, n = 5 cells) at 40 min of cLTP compared with the unstimulated state (0.0660.03 per mm; Fig. 2E ). Blocking MMP activity with GM6001 significantly decreased SHP density (GM6001+ cLTP, 0.0987660.02618, p = 0.010, n = 5 cells) as compared with cLTPstimulated cells (0.2860.04). Incubation with DMSO as an F/R/P solvent did not induce SHP formation (data not shown). Filopodia extensions that originated from dendrites were not included in our analyses. These observations demonstrate the MMP-dependent formation of SHPs and establish a role for MMPs in the remodeling of synaptic membranes during cLTP in cultured hippocampal neurons.
Dynamic Microtubules are Involved in Spine Head Protrusion Formation during cLTP
Dynamic MTs have been found to transiently enter into dendritic spines, control spine morphology, and induce transient morphological changes by regulating actin dynamics [31, 33, 34, 35] . To determine whether neuronal MTs are required for the formation of SHPs during cLTP, MT dynamics were blocked by preincubation with nocodazole [31] prior to cLTP induction. Treatment with a low dose of nocodazole (200 nM) for 4 h prevented the formation of SHPs (0.0960.009 per mm, Students t-test, p = 0.011, n = 7 cells) compared with the density of SHPs at 40 min of cLTP (0.2860.043; Fig. 3A) .
Hippocampal cultures were then incubated with 200 nM nocodazole for 4 h, and the medium was then discarded and changed to a nocodazole-free medium for 3 h and then cLTP was induced with the F/R/P mixture. Removing nocodazole from the medium restored SHPs after 40 min of cLTP (Fig. 3B ). Student's ttest revealed a statistically significant 163.75616.81% increase in SHP density following cLTP compared with the unstimulated condition (p = 0.019, n = 5). Altogether, these observations demonstrated that dynamic MTs were necessary for SHP development and synaptic membrane remodeling during cLTP.
Spine Head Protrusions can form Synapses
Time-lapse imaging of living dendrites revealed that cLTP stimulation induced SHP formation that could be identified as filopodia-like processes that protruded from the spine head. To determine whether spines that carry SHPs form synapses, hippocampal neurons were fixed 40 min after cLTP induction and immunocytochemistry was performed against postsynaptic Homer-1 and presynaptic Bassoon (i.e., markers of mature spines/ synapses).
Spines with SHPs expressed the postsynaptic marker Homer-1, which was aligned with presynaptic boutons (Bassoon-immunopositive). Long SHPs with terminal swelling were found to contain additional synaptic contacts at the end of the processes. These new synaptic contacts also possessed postsynaptic density (Homer-1-immunopositive, Fig. 4 ) and terminated at presynaptic boutons (Bassoon-immunopositive). We quantified the presence of synaptic markers in SHPs after 40 min of cLTP and measured as the percentage of Homer-1 or Bassoon-positive SHPs (Fig. 4D) . We found that 49.8163.25% of SHPs contain Homer-1 (n = 16 cells) while 70.2164.29% of SHPs were found to be apposed to Bassoon-positive puncta (n = 16 cells). Additionally, we quantified the colocalization of Homer-1 and Bassoon at SHPs which revealed high correlation of the synaptic markers at SHPs (Pearson correlation: 0.53360.020; n = 16 cells). However, short SHPs (marked with stars in Fig. 4 ) lacked terminal swelling and did not form additional synaptic contacts at the tips of the processes.
These results demonstrated that SHPs induced by cLTP stimulation differed from filopodia or filopodia-like protrusions, which are usually characterized by a lack of postsynaptic density. These observations indicate the activity-dependent modification of synaptic connectivity during cLTP in dissociated hippocampal cultures. The proteolytic activity of MMPs is required for the formation of SHPs, providing further evidence of the involvement of MMPs in synaptic remodeling during plasticity.
MMPs Control AMPAR Recruitment at Dendritic Spines that Express Spine Head Protrusions
Enhanced synaptic activity correlates with increased abundance of GluA1-and GluA2-containing AMPARs. Hence, we analyzed the abundance of those receptors at spines with SHPs. The extracellular domains of the GluA1 (Fig. 5A) and GluA2 (Fig. 5B ) AMPAR subunits were immunolabeled in live hippocampal neurons expressing RFP. The relative distributions (i.e., fluorescent readouts that are proportional to the amount of GluA1 and GluA2 subunits) were calculated within dendritic spines with SHPs vs. dendritic shafts. One-way ANOVA of GluA1 immunostaining revealed differences between groups of control, cLTP-stimulated cells and cLTP-stimulated cells in the presence of GM6001 (p,0.001). We found that 40 min exposure of the cultures to the F/R/P mixture markedly increased the GluA1 immunostaining at spines with SHP vs. dendritic shaft (Fig. 5A ). Student's t-test revealed a statistically significant increase in the distribution of GluA1 subunits (0.9260.137, p = 0.004, n = 6 cells) compared with controls (i.e., cell incubated with DMSO; 0.6960.056, n = 6 cells). Blocking the proteolytic activity of MMPs with GM6001 significantly decreased the GluA1 enrichment of spines that carried SHPs (0.6160.05, p,0.001, n = 6 cells) compared with GluA1 levels observed in cLTP-induced samples.
Furthermore, GluA2 immunostaining indicated a statistically significant increase in the ratio of spines with SHPs vs. dendritic shafts (Fig. 5B) . A significant increase in spines with SHPs was found at 40 min of cLTP (0.9660.04, p = 0.009) compared with controls that received DMSO treatment for 40 min (0.7660.06). The relative amount of GluA2 AMPARs dropped to control levels after blocking MMP function with GM6001 (0.7960.07, p = 0.050).
Altogether, these findings demonstrated that cLTP induced by the F/R/P mixture drove GluA1-and GluA2-containing AMPARs into spines with SHPs, and their accumulation in the synaptic membrane appeared to be MMP-dependent.
Active MMP-9 Induces the Formation of Spine Head Protrusions in Organotypic Hippocampal Cultures
To determine the influence of MMP-9 on the formation of SHPs in a more complex model than dissociated hippocampal cultures, we performed live imaging of individual spines in organotypic hippocampal cultures. After transfection with an RFP plasmid using a biolistic method, CA1 area pyramidal neurons that expressed RFP were imaged by confocal microscopy. MMP-9 has been shown to exert some effects independently of its enzymatic activity [36, 37 ], therefore we also tested the effect of a non-enzymatically active form of MMP-9 (naMMP-9) on the dendrtitic spine morphology. Slices were treated with either recombinant aaMMP-9 or nonactive MMP-9 E402A [23] , and images were acquired after 30 min of incubation (Fig. 6A) . The density of SHP (number per mm) was calculated to determine the effect of active MMP-9 on SHP development. Student's t-test revealed a statistically significant increase in the number of SHPs Figure 5 . cLTP drives GluA1-and GluA2-containing AMPARs into spines that carry SHPs in an MMP-dependent manner. A short segment of a neuronal dendrite labeled with anti-GluA1 (A) and anti-GluA2 (B) antibodies is shown at 40 min of cLTP. Arrows indicate spines with SHPs. Bar plots show the quantification of fluorescence readouts from immunostaining against GluA1 (A) and GluA2 (B) subunits within spines that exhibited SHPs vs. dendritic shafts. (A). Students t-test revealed significant differences for GluA1-containing AMPAR content at spines with processes compared with control (DMSO-treated cells) after 40 min cLTP. Blocking MMP activity with GM6001 abolished GluA1-containing AMPARs surface delivery into spines with protrusions. (B) Forty minutes of cLTP induced the surface delivery of GluA2-containing AMPARs into spines with SHPs in an MMP-dependent manner. Students t-test showed significant differences for cLTP-stimulated cells compared with control and GM6001-pretreated groups. Results are mean 6 SEM, n = 6, *p,0.05, **p,0.01, ***p,0. 
Discussion
The present study demonstrated that cLTP induced by forskolin, rolipram, and picrotoxin increased endogenous MMP-9 activity and drove the formation of protrusions from dendritic spine heads in cultured neurons. The formation of SHPs was blocked by a broad-spectrum MMP inhibitor. Furthermore, we provided evidence that dynamic microtubules were required for the formation of SHPs during cLTP. Moreover, we showed that SHPs could form synapses, reflected by colocalization with preand postsynaptic markers. Additionally, we demonstrated that proteolytically active MMPs contributed to the synaptic recruitment of GluA1-and GluA2-containing AMPARs at spines with SHPs in response to cLTP.
Gel zymography and Western blot demonstrated that the cLTP stimulation of primary cortical cultures resulted in an elevated level of total MMP-9 compared with controls (i.e., DMSO-treated cultures). This effect was especially prominent 10 min after cLTP induction. Of note, since we could not separate clearly pro-and active forms of MMP-9 by the gel zymography method, we cannot exclude that also proMMP-9 displays enzymatic activity during cLTP due to conformational changes that led to remove the propeptide sterical hindrance at active site without direct proteolysis of propeptide [38] . Furthermore, we established a protocol that allows the detection of local net gelatinase (that may be produced by both MMP-9 and MMP-2) activity in live hippocampal cultures. Enhanced gelatinase activity was shown to localize on neuronal dendrites and dendritic spines. This experimental approach allowed us to demonstrate that SHP formation upon cLTP is associated with enhanced gelatinase activity. Additionally, we demonstrated that blocking MMP activity with GM6001, a broad spectrum MMP inhibitor, prevented SHP development.
The formation of SHPs represents a form of mature spine postsynaptic structural reorganization. Richards et al. (2005) previously demonstrated the occurrence of processes that ''reach out'' from spine heads to contact nearby presynaptic boutons and may result in multiple synapse boutons. Interestingly, SHPs were directly guided by iontophoretically applied glutamate. The authors hypothesized that SHP formation may represent changes in synaptic connectivity.
We demonstrated that SHPs with terminal swelling contained postsynaptic Homer-1, apposed to presynaptic Bassoon, indicating that SHPs induced by cLTP stimulation differed from filopodia or filopodia-like protrusions, which are usually characterized by a lack of postsynaptic density. In line with this finding, the presence of postsynaptic density at the tip of SHP induced by tetrodotoxin (TTX) was previously demonstrated by electron microscopy [4] . Of note, we also observed the formation of short SHPs lacking the postsynaptic marker. Similarly, dendritic spines that had nonsynaptic protrusions from the spine head were found in the CA1 area of hippocampus 30 min but not 2 h after LTP induction [39] . We hypothesize that short SHP without postsynaptic markers could represent a forerunner of SHP with postsynaptic density.
To further extend our observations, we also labeled cell-surface GluA1-and GluA2-containing AMPARs at dendritic spines that carried SHPs. The analyses of receptor abundance revealed that spines that expressed SHPs gained AMPARs after cLTP. Indeed, we showed that cLTP induced GluA1-and GluA2-containing AMPAR recruitment into spines with SHPs, and their synaptic incorporation appeared to be MMP-dependent. Blocking MMP activity with a broad-spectrum MMP inhibitor both abolished the formation of SHPs and eliminated GluA1 and GluA2-AMPAR delivery at the surface of spines with SHPs. It should be noted that GM6001 is a broad-spectrum MMP inhibitor which, besides MMP-9, is able to block other MMPs' enzymatic activities that can be involved in changes of spine morphology. Our suggestion that MMP-9 might be the major enzyme involved in our experimental conditions comes from the findings that MMP-9 was the gelatinase upregulated during cLTP. The precise mechanism by which MMPs regulate the cellsurface distribution of GluA1 and GluA1 AMPARs at dendritic spines is unclear. The Ephrin/Eph receptor complex has been identified as a substrate of MMPs, including MMP-9, at synapses during hippocampal LTP and shown to play a role in learning and memory [40, 41] . Interestingly, Ephs were shown to control glutamate receptor trafficking and clustering postsynaptically. Thus, one may speculate that MMP-9 contributes to the control of the synaptic incorporation of AMPARs through ephrin/Eph signaling during cLTP. However, further investigations are needed to clarify the role of MMPs in the synaptic recruitment of AMPARs during cLTP.
Our observations indicate that the formation of SHPs is related to changes in synaptic activity and the adaptation of neuronal connectivity during plasticity. Matrix metalloproteinases, predominantly MMP-9, contributed to the formation of SHPs and GluA1-and GluA2-AMPAR recruitment into spines with SHPs, providing evidence of the involvement of MMPs in synaptic connectivity alterations and the reorganization of neuronal networks during plasticity. SHPs are thought to be triggered by glutamate released from neighboring synapse and to form multiple synapse boutons by interacting with preexisting presynaptic contacts [4] . Multiple synapse boutons may contribute to spreading the information into the neuronal network and increase network activity by synchronizing the activity of the new synaptic contact with other neuron [42] . Interestingly, Niedringhaus et al. (2012) demonstrated that cLTP induced by forskolin and rolipram increased the network activity of cultured hippocampal neurons, an effect mediated by MMPs, predominantly MMP-9 and MMP-2, and b1-integrins.
The mechanisms by which MMPs induce postsynaptic structural reorganization and the formation of SHPs remain poorly understood and are likely to be numerous. Recent studies showed that MMPs can affect spine morphology through their ability to cleave cell adhesion molecules. Tian et al. (2007) demonstrated that activation of NMDA receptors induced cleavage of intercellular adhesion molecule-5 (ICAM-5), which was mediated by active MMP-9 and MMP-2. The shedding of ICAM-5 by MMP-9 and MMP-2 led to actin cytoskeleton reorganization and consequently the spine maturation of existing spines and elongation of filopodia. Furthermore, the ICAM-5 ectodomain was shown to interact with b1-integrins and stimulate the b1-integrin-dependent phosphorylation of cofilin, facilitating actin polymerization and spine maturation [21] . Additionally, the ephrin/Eph receptor complex is able to control the actin cytoskeleton [43] , suggesting that MMP-9 mediates SHP formation via Eph signaling following its proteolytic cleavage.
Other MMPs may also contribute to neuronal activity dependent structural plasticity of dendritic spines. Indeed, recombinant MMP-7 alters the structure and function of presynaptic terminals [44] , cleaves the NR1 subunit of NMDA receptors [45] and disrupts spine stability and induces spine morphological changes in vitro [25] . Additionally, MMP-3 was also demonstrated to cleave ICAM-5 and facilitate spine enlargement in association with LTP [21] . Furthermore, ADAM (a Disintegrin and Metalloproteinase) proteases, a family responsible for proteolytic degradation of the ECM proteins, were found to be involved in regulation of spine maturation and synaptic function, as well. Indeed, impairing ADAM10 localization and activity at synaptic sites enlarges spine head and increases the number and function of AMPA type glutamate receptors, both in vitro and in vivo [46, 47] . As GM6001 displays a broad spectrum activity against MMP as well as ADAM proteins, our observations do not exclude the contribution of other members of MMP and ADAM family in formation of SHP during cLTP.
Future investigations are needed to further characterize the role of these proteases in remodeling of postsynaptic membrane and AMPAR recruitment during cLTP.
We also showed that neuronal MTs were required for SHP formation. Blocking dynamic pools of neuronal MTs abolished the development of SHPs induced by cLTP. Neuronal MTs have recently emerged as functional and structural regulators of dendritic spines by modulating the actin cytoskeleton [31, 33, 48] . Jaworski et al. (2009) demonstrated that growing MT plus-ends decorated by the microtubule tip-tracking protein EB3 could enter dendritic spines and were required to maintain their shape. Furthermore, these authors observed an interaction between MT-EB3 and p140Cap/SNIP, a regulator of Src tyrosine kinase that binds to cortactin (F-actin binding protein). Thus, the growth of EB3-labeled MT ends controls cortactin function and modulates actin dynamics in dendritic spines and subsequently spine morphology. Blocking dynamic MTs abolished the formation of SHPs, indicating that MTs are required for SHP formation, possibly because they can also control actin dynamics.
Moreover, the presence of MTs in spines may be associated with the formation of transient SHPs (tSHPs; [48] . However, tSHPS were found to be ephemeral structures, with an average lifetime of 40 s, suggesting that SHPs induced by cLTP, with a lifetime .20 min, are distinct structures. Because MTs are the main routes of transport of material from the cell body to dendritic spines, one may speculate that the postsynaptic protein redistribution required for SHP formation may at least partially depend on MT dynamics. Recently, Verbich et al. (2012) found that the formation of SHPs was accompanied by a reduction of overlapping astrocytic processes with dendritic spines, and blocking astrocytic glutamate transporters abolished SHP formation. Astrocyte remodeling and glutamate uptake are modulated by the Eph/ephrin interaction [49, 50, 51] . The authors suggested that Eph/ephrin communication is involved in SHP formation. These observations indicate that the formation of SHPs is regulated at multiple levels and involves glutamate receptor activation, perisynaptic astrocyte remodeling, the astrocytic control of glutamate spillover, and the contribution of dynamic MTs and proteolytic activity of MMPs.
Finally, we determined the influence of aaMMP-9 on SHP development in organotypic hippocampal cultures. We showed that aaMMP-9 triggered the formation of SHPs in organotypic hippocampal cultures. Furthermore, we provided evidence that the enzymatic activity of MMP-9 and not just protein-protein interactions is responsible for postsynaptic structural remodeling. Spine head protrusions appeared following 30 min treatment with aaMMP-9, and these kinetics are consistent with previous studies in which TTX incubation or iontophoretically applied glutamate triggered SHPs within 1 h [4, 52] .
We propose that all of these observations may be interpreted in the following way. cLTP induced by forskolin, rolipram, and picrotoxin elevates the level of active MMP-9. Active MMP-9 cleaves some ECM components, adhesion molecules, cell surface receptors (e.g., ICAM-5 and b-dystroglycan) and triggers intracellular signals (e.g., through b1-integrins) that (i) induce the formation of SHPs that require actin reorganization controlled by dynamic microtubules and (ii) contribute to AMPAR recruitment into potentiated spines that carry SHPs.
In conclusion, the present data indicate the importance of MMPs in both the structural and functional aspects of synaptic plasticity. The data herein emphasize multiple roles of MMPs in synaptic plasticity, including postsynaptic structural remodeling and the control of postsynaptic receptor distribution.
